Abstract--The term 'flexibility' describes the system's ability to cope with variations and uncertainties in both generation and demand side and maintain the system reliability with minimum cost. This work presents two different ways of establishing flexibility metrics so that the flexibility of individual units as well as the whole system can be quantified offline without using complex multi-temporal simulations. The first metric is named Normalized Flexibility Index' (NFI). It is obtained by analyzing the adjustable space of generators and the flexibility level is expressed as a normalized positive number less than unity. The second index, named Loss of Wind Estimation (LOWE), assesses the flexibility level of a system by its capability for accommodating wind. It measures the probability that wind curtailment occurs during a year. The performance and potential applications of the two indices are discussed in the paper. The results indicate these indices provide a convenient way to get a quick, consistent overview of how flexibility different systems are.
I. INTRODUCTION
HE term flexibility describes the system's ability to cope with variations and uncertainties and maintain the system reliability with minimum cost. In the literature, the concept of flexibility lacks quantitative metrics that could be used for planning or other purposes [1, 2] . Most studies about flexibility rely on multi-temporal simulation of power system operation [3, 4] . This paper presents two different ways of establishing flexibility metrics so that the flexibility of individual units as well as the whole system can be quantified.
The first metric is named Normalized Flexibility Index (NFI). It is used to identify the flexibility level of single generator units and indicate their contributions to the whole system's flexibility.
The second metric is called Loss of Wind Estimation (LOWE). It indirectly illustrates the flexibility level of a system through its ability to accommodate wind. It measures the probability that wind curtailment occurs in a system during a year. This paper is organized as follows: Section II introduces the normalized flexibility index and its validation is conducted in Section III. Section IV presents the LOWE index and it is verified in Section V.
II. NORMALIZED FLEXIBILITY INDEX (NFI)
A flexible power system should have sufficient ramping capability and enough operating reserve to cope with the forecasted and un-forecasted variations in the net demand. The requirements are usually fulfilled by flexible generation, conventional storage (e.g., hydro pumped storage), and flexible demand (when available). In this work, we take flexible thermal generators as an example to develop the flexibility indices.
All generation units may contribute to up/downward reserve. However, their contribution to upward reserve is limited by their ramp-up rate and spare upward capacity, i.e., the difference between their scheduled output and the maximum capacity. In a similar way, their ramp-down rate and spare downward capacity, i.e., the difference between the scheduled output and the minimum stable generation, help to build the downward reserve. Mathematically, this can be summarized as: Because the flexibility contribution of each single generator is proportional to its capacity in the whole system, the flexibility index for the whole system, FLEX, can be calculated by the weighted average of ( ) flex i of individual generators. The weight for each generator equals to its capacity in proportion to the whole system. Finally, FLEX A is expressed as:
r i t u i t i p i t i r i t u i t p i t i i i A t T
≤ − τ ≤ − τ ∀ ∈ ∀ ∈(1)max max P ( ) FLEX ( ) P ( ) A i A i A i flex i i A i ∈ ∈ ⎡ ⎤ ⎢ ⎥ = × ∀∈ ⎢ ⎥ ⎢ ⎥ ⎣ ⎦ ∑ ∑(3)
III. VALIDATION OF THE NFI
In this section the normalized flexibility index (NFI) is tested on IEEE RTS 26-unit system [5] . This system is chosen because of their diversity in unit types and available technical parameters. Using the method proposed in the previous section, the NFI is calculated accordingly. The results are listed in Table I. According to the indices, the generation units in the power system can be categorized into two groups: flexible and nonflexible units. Whether a single generator is flexible or not is defined by comparing its individual flexibility index with the whole system's flexibility level. If the index of one specific unit is higher than the system's level, this unit is regarded as flexible in this system. Likewise, non-flexible units are those with a flexible index lower than the system level. In this case, the 26-unit system has an index level of 0.5352. Thus, for this system, units U12, U76, U100, and U155 are the flexible units, whereas U20, U197, U350 and U400 are non-flexible units. It is important to define the flexible and non-flexible units on a system-based criterion, because a flexible unit in one system may not be so flexible in another system.
Based on their flexibility index levels, these units are reorganized to form three new test systems. Generation Mix 1 consists of the most flexible types U12, U76, U100, and U155 with 9 units of each type. Generation Mix 2 is made of mixed flexible types U12, U76, U350, and U20 with 7 units of each type. Generation Mix 3 contains the least flexible types U197, U400, U350 and U20 with 5 units of each type. The numbers of units in each group are chosen to make these systems have comparable levels of installed generation capacity.
The three generator groups are tested in the same scenario: serving the same load with annual peak load of 2200MW and accommodating 880MW of wind capacity. The normalized annual load profile and wind profile are obtained from the 2005 UK system to represent the realistic variations [6] . The demand and wind data will be used in a unit commitment model [7] , which is able to dispatch the thermal generation and wind generation. To validate the proposed flexibility index, realistic wind curtailment is used for comparison. This is calculated by performing the unit commitment over the time horizon of 24 hours during 365 days. The test results are shown in Table II . As expected, the high flexible group with the highest index 0.6333 is able to utilize 80.6% of total potential wind generation (only 19.4% of wind is curtailed). The medium flexible group, with an index of 0.4836, is capable of absorbing 42% of total wind generation (58% of wind is curtailed). The low flexible system, with the lowest index, is only able to handle 10.7% of wind generation which means almost 90% of the wind generation has to be curtailed.
From Table II it can also be seen that the index is consistent when evaluating the flexibility level of the 26-unit system. The system has an index of 0.5352 which is between the highest and medium flexible mixes. This also is true for the corresponding wind curtailment.
However, it can be seen that there is no linear relation between the NFI index and the realistic wind curtailment. This is mainly because the wind curtailment is not the linear result of the unit commitment, and the calculation of the NFI is not linearized. Therefore, NFI is only able to describe the flexibility level but cannot be used to accurately measure the wind curtailment.
Apart from the capability of indicating the flexibility levels of different systems, the normalized flexibility index can also be used to estimate the effects of new investment on the flexibility of original system. This is important because a new generator with an index higher than the original system flexible index will enhance the system flexibility, whereas a generator with a lower index may deteriorate the overall system flexibility. With this offline calculation of flexibility index, it is very convenient to evaluate the contribution of new invested generators to flexibility without conducting complex time-consuming simulations on realistic systems.
IV. LOSS OF WIND ESTIMATION (LOWE)
From a demand-generation balancing perspective, wind curtailment occurs whenever the system does not have sufficient flexibility to cope with the variations in wind generation and therefore it appears more often in a nonflexible system than a flexible one. This provides another way of assessing the system flexibility, namely by the probability that wind curtailment occurs.
The second flexibility index in this work is created based on the this concept and is named as Loss of Wind Estimation (LOWE). The LOWE index represents the estimated probability that wind curtailment occurs in a system during a year.
Wind curtailment occurs most likely in three situations: 1) Net demand is lower than the Minimum Load Level (MLL) of system; 2) Net demand drops sharply but committed generators do not have sufficient ramp-down rate or cannot be shut down immediately; and, 3) Net demand increases sharply but committed generators do not have sufficient ramp-up rate or offline generators cannot be start up immediately. Here, it is assumed that the three events are independent. The probability of the occurrence of each event is represented by P(V_MLL) , P(V_Ramp-up) and P(V_Ramp-dn) , where the character 'V' means the corresponding constraint is violated. Thus, the probability for each event not to occur is equal to 1-P(V_MLL) , 1-P(V_Ramp-up) , 1-P(V_Ramp-dn) , respectively. The probability of system without any wind curtailment is the joint probability of the three, given none of the three events happens, as shown below:
where P(NoWC) is the probability that wind curtailment does not occur in the system. Accordingly, the Loss of Wind Estimation (LOWE) is calculated by:
A. Calculation of P(V_MLL) , P(V_Ramp-up) and P(V_Ramp-dn) P(V_MLL) represents the probability of net demand drops below minimum load level (MLL) of the system and it is expressed by: P(V_MLL) P(Netdemand MLL) = ≤ (6) The net demand varies with hours during a year and it is regarded as a random variable in this problem. In statistical analysis, probability of a random variable less than or equal to a fixed number A forms the cumulative distribution function (CDF) of this random variable. For every real number A, the CDF of a real-valued random variable x is given by:
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x F P x = ≤ (7) In our case, the random variable is the net demand and number A is replaced by minimum load level (MLL). So P(V_MLL) is the value of CDF of net demand evaluated at MLL, as shown in (8).
P(V_MLL) F(MLL) = As an example, the normalized load profiles and wind profiles of UK in 2005 [6] are used here to represent the realistic variations. Load profiles are multiplied by the 12GW annual peak load, and wind profiles are scaled up by different wind capacities to show the various wind penetrations (as percentage of annual demand). CDFs of net demand under 0, 10, 20, and 30% wind energy penetrations are shown in Fig. 1 .
It is seen that with more wind penetration, CDF of net demand moves towards the left. This will result in larger possibilities of net demand to cross the vertical line (the minimum load level), and thus larger P(V_MLL) is observed. The minimum load level is system specific and case specific. Here, 4GW was considered as an example. The statistical performance of CDF indicates that it is more likely to have wind curtailment in the situations with larger wind capacities.
To get the value of P(V_Ramp-up) and P(V_Ramp-dn) , similar methods are used.
B. Calculation of the LOWE
By rearranging the equations (5), (8), (9), (10), the LOWE is expresses as:
Given the same percentage of wind energy penetration, the system with lower LOWE index value is obviously more flexible. The application of this index is not limited to flexibility comparison. For example, it can be used to estimate the maximum allowable wind penetration in an existing system. If a tolerant standard of wind curtailment is given, i.e., Q% of time during a year, the LOWE index is then compared with Q% to assess the flexibility of system. The index is increased with the percentage of wind penetration, and once it is found to be larger than Q%, the corresponding wind penetration W% is deemed as the maximum allowable wind penetration in this system. Furthermore, the effects of new invested generators on system flexibility can be seen from the LOWE index. Whether this index will be reduced or increased and to what extent the value is changed are both indicating the flexibility of the new system.
Several aspects between the LOWE index and the Loss of Load Probability (LOLP) are compared in Table III application of the latter in assessing generation adequacy is an internationally accepted practice. The comparison shows that the proposed index, also a statistical index, has similar characteristics with widely used LOLP.
V. VALIDATION OF THE LOWE INDEX
To validate the effectiveness of the LOWE index three test systems will be used. The base system, also called Medium Flexible (MF) system, is comprised of three main thermal technologies (in decreasing order of flexibility): combined cycle gas turbine (CCGT), Coal and Nuclear. The technical parameters of each technology are listed in Table IV. A highly flexible system (HF system) is obtained by replacing all nuclear plants in the MF system with CCGT. A less flexible system (LF system) is obtained by replacing all CCGT plants with nuclear plants. The components of each system are shown in Table V .
The determination of the minimum load level (MLL), Ramp-up ∑ and Ramp-dn ∑ usually depends on operation experience. To demonstrate the application of the LOWE index, the MLL in each system is assumed to be 50% of the summation of all units' minimum stable generation (for the particular system). For Ramp-up ∑ and Ramp-dn ∑ , they are assumed to be the summation of all units' ramping capability. This is to produce a scenario where all the units are participating in ramping. These assumptions are only used to create an equal basis for the comparison. The corresponding parameters for the three test systems are listed in Table VI. Comparisons between the LOWE index and the simulation results of wind curtailment probability are plotted in Fig. 2 . The proposed index shows a very good approximation to the operational process.
The proposed index in this case is calculated based on rough assumptions for the MLL. In practice, the MLL is both system-specific and case-specific. The more accurate information that can be used to determine the MLL, the better estimation can provided by the LOWE index.
VI. CONCLUSIONS
Two flexibility indices are proposed in this paper to evaluate the flexibility of power systems. The main purpose is 
